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ABSTRACT 


Various vacuum jacketed cryogenic supply lines at the Shuttle 
launch site use convoluted flexible expansion joints. The 
atmosphere at the launch site has a very high salt content, 
and during a launch, fuel combustion products include 
hydrochloric acid. This extremely corrosive environment has 
caused pitting corrosion failure in the flex hoses, which 
were made out of 304L stainless steel. A search was done to 
find a more corrosion resistant replacement material. This 
study focused on 19 metal alloys. Tests which were performed 
include electrochemical corrosion testing, accelerated 
corrosion testing in a salt fog chamber, long term exposure 
at the beach corrosion testing site, and pitting corrosion 
tests in ferric chloride solution. Based on the results of 
these tests, the most corrosion resistant alloys were found 
to be, in order, Hastelloy C-22, Inconel 625, Hastelloy C- 
276, Hastelloy C-4, and Inco Alloy G-3. Of these top five 
alloys, the Hastelloy C-22 stands out as being the best of 
the alloys tested, for this application. 
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1.0 INTRODUCTION 


1.1 Flexible hoses are used in various supply lines that 
service the Orbiter at the launch pad. These convoluted 
flexible hoses were originally made out of 304L stainless 
steel. The extremely corrosive environment of the launch 
site has caused pitting corrosion in many of these flex hose 
lines. In the case of vacuum jacketed cryogenic lines, 
failure of the flex hose by pitting causes a loss of vacuum 
and subsequent loss of insulation. 

1.2 The atmosphere at the launch site has a very high 
chloride content caused by the proximity of the ocean. 

During a launch, the products from the fuel combustion 
reaction include concentrated hydrochloric acid. This 
combination of chloride and acid leads to a very corrosive 
environment. This type of environment causes severe pitting 
in some of the common stainless steel alloys. 

1.3 A search was undertaken to find an alternative material 
for the flex hoses, to reduce the problems associated with 
pitting corrosion. An experimental study was carried out on 
19 candidate alloys, including 304L stainless steel for 
comparison. These alloys were chosen on the basis of their 
reported resistance to chloride environments. 

1.4 Data is available in the literature on the corrosion 
resistance of several of the alloys being considered in this 
study. The data generally is for seawater (1-3), chloride 
solutions (3-13), or acids (8,10,12,14,15) individually. 

Some information is available on combinations of these 
(8,10,11,13,16), but experimental results were not found for 
all of the alloys under the specific conditions of the 
environment of interest — NaCl combined with HC1 . 

1.5 Tests to determine which of the candidate alloys would 
have the best corrosion resistance include electrochemical 
corrosion testing, accelerated corrosion testing in a salt 
fog chamber, long term exposure at the beach corrosion 
testing site, and pitting corrosion tests in ferric chloride 
solution. The results of the electrochemical testing and 
preliminary results from the ferric chloride immersion test 
were reported previously (17,18). The electrochemical 
results are summarized here in Appendix A, for convenience. 
KSC personnel have been completing the ferric chloride 
immersion test and carrying out the salt fog chamber and 
beach exposure tests during the year since last summer. This 
report presents the results of these tests for all 19 of the 
candidate alloys. 
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2.0 


MATERIALS AND EQUIPMENT 
CANDIDATE ALLOYS 


2.1 


2.1.1 Nineteen alloys were chosen for testing as possible 
replacement material for the 304L stainless steel flex hoses. 
304L stainless steel was included for comparison purposes. 

The 19 candidate alloys and their nominal compositions are 
shown in Table 1. These alloys were chosen for consideration 
based on their reported resistance to corrosion. 

2.1.2 In addition to corrosion resistance, mechanical 
properties are also important to consider when selecting a 
new material. Some physical and mechanical properties for 
the candidate alloys are listed in Table 2. 


2-2 SALT FOG CHAMBER/ACID DTP 

2.2.1 Accelerated testing of the candidate alloys was 
performed in an Atlas Corrosive Fog Exposure System Model 
SF-2000. The solution used was the standard 5 % sodium 
^.h^oride mixture prepared as needed. The dipping solution 
used in the process was a 1.0N (about 9 volX) hydrochloric 
ac id/alumina (AI 2 O 3 ) mixture. The particle size of the 
alumina was 0.3 micron. The solution was thoroughly stirred 
prior to dipping due to the settling of the alumina powder. 

2.2.2 Flat test specimens exposed to these solutions were 1" 
x sa;n Ples of the identified alloys and were approximately 
1/8 thick. One set of samples were base metals with an 
autogenous weld on one end as identified in Table 3. Another 
set of specimens were the candidate alloys welded to 304L 
stainless steel for galvanic studies and are identified in 
Table 4. All flat specimens had a 3/8” hole drilled in the 
center for mounting purposes. Stress corrosion cracking 
specimens were standard U-bend samples prepared with a weld 
in the center of the bend, using the same materials as given 
in Table 3. The specimens were obtained commercially from 
Metal Samples Company, RT . 1, Box 152, Munford, AL. 


2 « 3 BEACH EXPOSURE /AC ID SPRAY 

2.3.1 All exposure in this test was carried out at the KSC 
Beach Corrosion Test Site which is approximately 100 feet 
from the high tide line. The site is located on the Atlantic 
Ocean approximately 1 mile south of Launch Complex 39A. 
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2.3.2 The acid solution used in the spray operation "as iOX 
Kvarnohloric acid by volume (about 1 . ON ) mixed with the 0.3 
micron h alum^na° powder to fora a slurry. Thespeci.ensused 
in this testing were duplicate specimens as described 
salt fog/acid dip tests. 


2 . 4 FERRIC CHLORIDE IMMERSION 


2.4.1 Large glass beakers (600 - 1000 ml) were 
the test solution. Specimens were suspended in 
by a glass cradle. Test specimens were 1 x l 
as described in the salt fog/acid dip tests. 


used to hold 
the solution 
flat samples 


3.0 TEST PROCEDURES 

3 . 1 SALT FOG CHAMB ER/ACID DIP 

3.1.1 Before mounting, the new corrosion on 

visually checked and weighed to the nearest 0 * 1 \he 

a properly calibrated Mettler AE160 electronic balance. The 
specimens were then mounted on insulated rods and set in th 
lilt Tog chamber at about 15-20 degrees off the vertical. 

o i o The specimens were exposed to one week ( 168 hours) of 
salt fog per P ASTM B1 1 7 (19). The temperature of the ° b * mber 

was controlled at 95° F (35-C) ± 2° F . After the one week 
exposure, the specimens were removed and pipped 
hydrochloric acid/alumina mixture to simulate the booster 
effluent created during launch of the Space Shuttle. After 
one minute of immersion, the specimens were allowed to drain 
and dry overnight. Following this dipping procedure, the 
se l P lel were* 1 installed in the salt fog chamber for the next 

one week cycle. 

313 After a four week/four dip period, the specimens were 
removed from the mounting rod and .nspected. The inspection 
procedure included cleaning, weighing, and visual ded 

characterization of the corrosion taking place. The corroded 
specimens were first cleaned using a nonabrasive pad and 
soapy water to remove heavy deposits of alumina. This 
followed by chemical cleaning per ASTM G1 (20) to remove 
tightly adhering corrosion products. After cleaning, 
soecimens were allowed to dry overnight before weighing. Th 
specimens were weighed to the nearest 0.1 ml11 x * h ® 
Mettler electronic balance. The coupons were visually 
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inspected with the naked eye and under 40x magnification. 

All observations were recorded in terms of appearance, sheen, 
pit severity/density, and stress cracking phenomena. After 
the inspection, the specimens were remounted and returned to 
the chamber for the next four week/four dip cycle of testing. 


3.2 BEACH EXPOSURE /AC ID SPRAY 

3.2.1 The beach exposure test procedure was based on ASTM 
G50 (21), with the addition of an acid spray. The new 
duplicate specimens were first visually inspected and weighed 
to the nearest 0.1 milligram as was stated before. The 
coupons were mounted on short insulated rods that were 
attached to a plexiglas sheet. The orientation of the 
specimens was face side up and boldly exposed to the 
environment to receive the full extent of sun, rain, and sea 
spray. The U-bend specimens were mounted on 36" long 
insulated rods and secured with nylon tie wraps. Both the 
plexiglas sheet and the insulated rods were mounted on test 
stands at the beach corrosion test site using nylon tie 
wraps. The specimens were mounted facing east towards the 
ocean at a 45 degree angle. 

3.2.2 Approximately every two weeks, the specimens received 
an acid spray with the solution described. The acid spray 
thoroughly wet the entire surface and was allowed to remain 
on the surface of the specimens until it dried or was rinsed 
off by rain. 

3.2.3 After the first exposure period of 60 days, the 
specimens were brought to the laboratory for inspection. The 
inspection procedure was the same as that for the salt fog 
testing. The samples were remounted and returned to the 
beach site for continued exposure testing. 


3.3 FERRIC CHLORIDE IMMERSION 

3.3.1 The ferric chloride immersion test procedure was based 
on ASTM G48, Method A (22). The test solution was made by 
dissolving 100 grams of reagent grade ferric chloride 

( FeClj ■ 6Hj O ) in 900 ml of distilled water. The solution was 
then filtered to remove insoluble particles and allowed to 
cool to room temperature. 

3.3.2 Samples were measured to calculate exposed surface 
area, cleaned, rinsed, and weighed before immersion in the 
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test solution. Each sample was placed in a glass cradle and 
lowered into the test solution. The beaker was covered with 
a watch glass and left for 72 hours, 

3.3.3 After 72 hours, the samples were removed and rinsed 
with water. Corrosion products were removed, and the samples 
were then dipped in acetone or alcohol and allowed to air 
dry. Each specimen was weighed and examined visually for 
signs of pitting and weld decay. Specimens were also 
examined at low magnification and photographed. 

3.3.4 Some of the samples that showed no sign of corrosion 
were put back into the test solution. These samples were 
periodically inspected and re-immersed for a total exposure 
time of 912 hours. 


4.0 TEST RESULTS AND DISCUSSION 

4.1 SALT FOG CHAMBER/ACID DIP 

4.1.1 After four weeks of salt fog exposure and 4 dipping 
processes, the coupons were brought to the laboratory for 
analysis. After the cleaning procedure, the specimens were 
weighed to determine weight loss caused by the four week 
exposure. Using the weight loss results and the measured area 
of the coupons, corrosion rate calculations were made to 
compare the alloys’ resistance to the salt fog/acid dip 
environment. The formula used to calculate the corrosion 

© IS 

CORROSION RATE (MILS PER YEAR) = 534w 

dAt 

where w is the weight loss in milligrams, d is the metal 
density in grams per cubic centimeter (g/cm 3 ), A is the area 
of exposure in square inches (in 2 ), and t is the exposure 
time in hours. This expression calculates the uniform 
corrosion rate over the entire surface and gives no 
indication of the severity of any localized attack (pitting) 
that could be occurring on the surface. To determine the 
severity of this localized attack, the coupons were examined 
visually with the naked eye and under 40 power magnification. 
The measured weight loss, the resulting calculated corrosion 
rate, and the visual observations for each of the alloys for 
the four week cycle are presented in Table 5. As can be seen 
from the table, several materials clearly separated from the 
rest and displayed superior corrosion resistance. These 
materials included three Hastelloy alloys (C-22, C-4, and C- 
276), Zirconium 702, Inconel 625, and Inco Alloy G-3. The 
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Inco Alloy G-3 marked the point at which the corrosion rates 
accelerated rapidly for the many stainless steel alloys 
included in the testing. The visual observations confirmed 
the corrosion resistance of the top alloys with no visual 
deterioration at 40x. These results were considered 
important but premature, and the specimens were returned to 
the salt fog chamber for further exposure. 

4.1.2 Following another four week cycle, the specimens were 
brought to the laboratory for the eight week analysis. The 
same procedures were conducted to clean, weigh, calculate, 
and observe the specimens. The eight week data is shown in 
Table 6. As can be seen from the table, not much changed in 
the ranking of the alloys, with the top six materials clearly 
superior to the rest. However, the Inco Alloy G-3 started 
showing signs of pitting at 40x, but these pits were small. 
The corrosion rates did not change much since the 
relationship between weight loss and time should stay fairly 
constant. However, some materials display a slight reduction 
in corrosion rate, and this is probably due to a slight 
slowing of the pitting after an initial accelerated attack. 

In comparison to the electrochemical data (17), two materials 
changed their relative positions in the rankings. The cyclic 
polarization in 1 . ON HCl/3.55% NaCl showed the Zirconium 702 
material to be a poor performer, but in the salt fog/acid dip 
testing, this material displayed excellent corrosion 
resistance. On the other hand, the electrochemical testing 
in the 1.0N HCl/3.55% NaCl showed the Ferralium 255 to 
perform well, but in the salt fog/acid dip testing, this 
material corroded rapidly and pitted badly. The reasons for 
this behavior are unclear, but continued testing confirmed 
this result. 

4.1.3 Following another four week cycle, the specimens were 
brought to the laboratory for the 12 week analysis. The 
results of the 12 week testing are shown in Table 7. After 
12 weeks in the salt fog chamber and 12 dips in the acid 
slurry , a clear trend started to emerge. The corrosion rates 
were remaining fairly constant with a slight reduction still 
being displayed by some materials. The alloys were settling 
into their positions for the ranking of corrosion resistance 
in this accelerated environment. The Inco Alloy G-3 lost its 
sheen and continued to display pitting attack and some 
deterioration of the weld. The observation of very small 

developing on the three Hastelloy materials and one 
Inconel material were barely detectable and were considered 
insignificant since the weight loss remained very low. 

4.1.4 Following another four week cycle, the specimens were 
brought to the laboratory for the 16 week analysis. The 16 
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week data is presented in Table 8. As can be seen from the 
table, several materials displayed increased attack and fell 
lower in the rankings. Most notable were the 304L, 316L, and 
317L stainless steels. This allowed several materials to 
move up in the rankings, most notably the Inconel 600, 

Inconel 825, and the Ferralium 255. The visual observations 
continued to be helpful in characterizing the alloy surface 
and type of corrosive attack. The top materials did not 
display any increase in pitting, and the weight loss data 
confirms this fact. 

4.1.5 At the completion of another four week cycle, the 
specimens were brought to the laboratory for the 20 week 
analysis. The 20 week data is presented in Table 9. As can 
be seen from the table, the materials generally remained in 
their respective positions when compared to the 16 week data. 
The 304L stainless steel dropped slightly in the rankings due 
to severe weld attack. When the corrosion rate data is 
graphed, as in Figure 1, the great differences in performance 
can easily be seen. The level of performance of the top 
alloys is much higher than that of the lower materials. The 
cutoff line between the Incoloy G-3 and the Hastelloy B-2 
shows a 15 fold increase in the corrosion rate. The 
corrosion rate of 304L stainless steel is approximately 260 
times higher than that of Hastelloy C-22 in the salt fog/acid 
dip exposure test. 

4.1.6 In conjunction with the standard alloy coupons, 
specimens were tested in the composite welded configuration. 
These specimens were produced by joining dissimilar metals by 
welding the candidate alloys to 304L stainless steel. The 
resulting composite coupons were exposed to the same 
conditions as the standard specimens to determine any 
undesirable galvanic effects at the weld area. This was 
considered necessary since the successful new alloy would be 
installed in an existing 304L stainless steel piping system, 
and galvanic corrosion in the weld area could become a source 
of system failure. The composite welded coupons were cleaned 
prior to examination in the same manner as described earlier. 
The 16 week observations are presented in Table 10. As can 
be seen from the table, most of the specimens suffered some 
type of weld decay. For the alloys under consideration from 
a corrosion resistance standpoint (Hastelloy C-22 and Inconel 
625), the deterioration was mostly on the 304L surfaces 
adjacent to the weld. Since 304L stainless steel is anodic 
to these two alloys, this result was expected. The 304L is 
corroding preferentially and cathodically protecting the more 
corrosion resistant alloy. Since the particular application 
of the corrosion resistant alloy is to form thin wall 
convolutes welded to a heavy wall 304L stainless steel pipe, 
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the galvanic effect will be minimal. The effects can be 
further lessened by welding using the corrosion resistant 
alloy as the weld filler and coating the weld area with AR-7 
to block any electrolyte from reaching the galvanic couple. 
The AR-7 material is readily available from KSC stock and is 
described fully in KSC-STD-C-0001B . 

4.1.7 Further testing was conducted during the study to 
determine if any of the alloys under consideration would be 
susceptible to stress corrosion cracking in the Shuttle 
launch environment. This was considered important due to the 
forming operations used in fabricating flexible convoluted 
bellows. The convolutes are severely deformed during 
manufacture, and high residual tensile stresses could be 
present. This situation combined with a corrosive 
environment created concern to properly define the stress 
corrosion behavior of the candidate alloys. For this 
testing, standard U-bend specimens were exposed to the same 
set of conditions as the corrosion coupons. These U-bend 
specimens were welded in the middle of the bend to create the 
worst case condition. As of the time of this report, only 
two of the stress corrosion specimens have failed. The 304L 
stainless steel specimen cracked after eight weeks and eight 
acid dips. The Ferralium 255 specimen cracked after 12 weeks 
and 12 acid dips. All other materials are continuing to 
display stress corrosion cracking resistance in the salt 
fog/acid dip environment. 


4.2 BEACH EXPOSURE/ACID SPRAY 


4.2.1 After 60 days of beach exposure and 5 sprays with the 
acid slurry, the coupons were brought to the laboratory for 
analysis . After the cleaning procedure, the specimens were 
weighed , corrosion rate calculations were made, and visual 
examinations were conducted as described for the salt 
fog/acid dip process. The results of these analyses for each 
of the alloys for the 60 day/5 spray cycle are presented in 
Table 11. As can be seen from the table, several materials 
clearly separated from the rest and displayed excellent 
corrosion resistance. The Hastelloy C-22 and Inconel 625 
showed no detectable weight loss while the Hastelloy C-4 and 
C-276 were on the limits of measurement. The calculated 
corrosion rates for these materials are considered 
insignificant, and any one should be considered acceptable. 
The observations confirmed the resistance of these alloys 
with no visual deterioration at 40x. These results were 
considered important but premature, and the specimens were 
returned to the beach for further exposure. 
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4.2.2 After 251 days of beach exposure with 13 acid sprays, 
the specimens were brought to the laboratory for analysis. 

The same procedures as before were conducted to clean, weigh, 
calculate, and observe the coupons. The 251 day data is 
shown in Table 12. A graphical presentation of the corrosion 
rate data is shown in Figure 2. Following the 251 day 
exposure cycle, the same four materials displayed excellent 
corrosion resistance and were clearly superior to the 
remainder of the alloys. The same reduction in corrosion 
rate phenomenon was experienced as in the salt fog testing. 
This is probably due to a reduction in pitting rates over 
time as explained previously. The corrosion rates shown in 
Figure 2 display the same cutoff as for the salt fog data, 
except that the increase in corrosion rate is not as 
pronounced. Between the Incoloy G-3 and the Ferralium 255, 
there is only a 5 fold increase in corrosion rate. Since the 
corrosion rates of Hastelloy C-22 and Inconel 625 were not 
measurable, no numerical comparison factor can be found with 
respect to the other alloys. However, these two alloys are 
clearly superior to the stainless steel alloys in the beach 
exposure/acid spray testing. 

4.2.3 When the beach results are compared to the salt fog 
results, many materials change positions relative to each 
other. In general, the materials at the top (Hastelloy C-22 
and Inconel 625) and at the bottom <20Cb-3 and Monel 400) of 
each list remained in their respective positions. However, 
the standard stainless steel alloys such as 304L, 304LN, 

316L, and 317L declined in relative performance while the 
duplex stainless alloys such as Ferralium 255 and ES 2205 
improved in the rankings. This was an interesting occurrence 
and could be explained as follows. The main difference 
between the two tests is oxygen availability. While the 
specimens are in the salt fog chamber, the surfaces are 
continually wet, and this film of water could reduce the 
oxygen available to the metal surface. Since most corrosion 
resistant alloys depend on oxide films on their surface for 
protection, the suspicion is that the salt fog conditions 
could be hindering the formation of these protective oxide 
films on the duplex stainless steels, allowing accelerated 
corrosion to take place. The beach data, in contrast to the 
salt fog data, supports the electrochemical findings in 
regard to the Ferralium 255. The reasons for this are 
unknown but could be due to the formation of the protective 
oxide films. 

4.2.4 For reasons stated earlier, composite welded coupons 
were tested in conjunction with the standard specimens to 
determine any undesirable effects of the galvanic couple. 
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The composite specimens were cleaned in the same manner prior 
to the examination. The 251 day beach exposure observations 
are shown in Table 13. As can be seen from the table, most 
specimens were suffering from weld decay. The severity was 
generally less than that observed in the salt fog testing, 
but the results are similar in nature with most of the attack 
concentrated on the 304L stainless steel surfaces. As stated 
before, coating of the weld area with the AR-7 material 
should reduce the galvanic effects to a minimum. 

4.2.5 In conjunction with the salt fog testing, duplicate 
U-bend stress corrosion cracking specimens were exposed at 
the beach corrosion test site to determine the stress 
corrosion cracking susceptibility of the candidate alloys. 

As of the time of this report, none of the specimens exposed 
to the naturally occurring conditions at the beach site have 
experienced failure. Exposure of these specimens will 
continue, to determine if any specimens will crack in the 
future . 


4.2.6 By comparing results from the salt fog to the beach 
testing, many differences have been noted. The beach testing 
is considered the best judge of an alloy’s performance since 
it has naturally occurring conditions that reflect the 
conditions experienced at Launch Complex 39. However, the 
accelerated testing does give us insight into which materials 
have a good chance of performing well. In all the testing, 
by electrochemical methods, salt fog/acid dip, beach 
exposure/acid spray, and ferric chloride immersion, the same 
materials are at the top of the list. The Hastelloy C-22 has 
displayed superior corrosion resistance during all the 
testing, and coupled with its mechanical properties, it is 
the logical first choice for a replacement material for 
convoluted flex hose/bellows fabrication. Other materials 
may be selected by using the data presented, but caution 
should be exercised to properly determine the environment in 
which the materials will be used. This work concentrated on 
one specific environment that contains sodium chloride and 
hydrochloric acid. Since all these alloys are very 
environment specific, altering that environment even slightly 
may produce extreme changes in alloy performance. Other 
chemical environments such as high pH, stronger acids, other 
corrosives, or high temperatures may cause failure of the 
materials identified in this study. When dealing with high 
performance corrosion resistant alloys, thorough testing is 
an absolute requirement for choosing the right material for 
the job. The long term history received from the continued 
beach testing will be invaluable to completely characterize 
alloy behavior. 
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4.3 FERRIC CHLORIDE IMMERSION 


4.3.1 Results for the samples with an autogenous weld are 
summarized in Table 14. Some samples showed no signs of 
corrosion. Others showed uniform corrosion, pitting 
corrosion, weld decay, or corrosive attack in the heat 
affected zone. Some representative photos, all at 2.2x, are 
shown in Figure 3. Figure 3a, of Inconel 625, shows no 
corrosion. The 316L in Figure 3b shows severe pitting 
corrosion. Hastelloy B-2, seen in Figure 3c, suffered uniform 
corrosion, and the Inconel 825 sample of Figure 3d shows 
severe pitting attack at the weld and in the heat affected 
zone . 


4.3.2 Results for the samples welded to 304L stainless steel 
are given in Table 15. It was not possible to obtain a 
sample of Zirconium 702 welded to 304L; so Zirconium 702 does 
not appear in Table 15. The effect of galvanic corrosion can 
be seen clearly by noticing that the 304L part of each sample 
suffered severe pitting corrosion. This can be seen visually 
in Figure 4. Some additional discussion of the ferric 
chloride immersion results may be found in reference 18. 


5.0 CONCLUSIONS 


5.1 Several alloys were found that have superior resistance 
to pitting and crevice corrosion, compared to the 304L 
stainless steel that was originally used for construction of 
convoluted flexible joints. 

5.2 Good agreement was found between all 4 of the corrosion 
tests. In particular, the cyclic polarization technique was 
found to give excellent agreement with the beach exposure and 
salt fog chamber results. So this electrochemical method may 
be used as a very quick way to evaluate alloys before 
performing long term field exposure tests. 

5.3 Using the conditions found at the Space Shuttle launch 
site (high chloride content plus hydrochloric acid), the most 
resistant alloys were found to be, in order, Hastelloy C-22, 
Inconel 625, Hastelloy C-276, Hastelloy C-4, and Inco Alloy 
G-3. 


5.4 On the basis of corrosion resistance, combined with weld 
and mechanical properties, Hastelloy C-22 was determined to 
be the best material for construction of flex hoses for use 
at the Space Shuttle launch site. 
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MATERIAL NAME 



CORROSION RATE (MLS PER YEAR) 


Figure 1 Salt Fog/Acid Dip Results 

After 20 Weeks/20 Acid Dips 


MATERIAL NAME 



Figure 2 Beach Corrosion Data 

251 Days/13 Acid Sprays 


ORIGINAL PAGE IS 
OF POOR QUALITY. 
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Figure 4 


Ferric Chloride Immersion - Galvanic Samples 



304L Welded to 
Hastelloy C-276 


< 304L 

Severe Pitting 


< Hastelloy C-276 

No Corrosion 



b) 304L Welded to 904L 


< 304L 

Severe Pitting 


< 904L 

No Corrosion 
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3.0 

It 

17 

1.0 

2.0 


0.01 

0.06 

o.oe 

0.01 

Ti 0.7 

MASTOUW C-22 

tel. 

10 

22 

13 

0.5 

2.5 


0.01 

0.06 

0.02 

0.01 

V 0.3, 9 3 

hpstelujy c-e?i 

tel. 

7.0 

17 

17 

1.0 

2-5 


0.01 

0.06 

0-02 

0.01 

V 0.3, ft t.3 

HBSTBJJW M 

tel. 

2.0 

1 

a 

1.0 

1.0 


0.01 

0.1 

o.oe 

0.01 

DCOCL 900 

tel. 

10 

It 


1.0 


0.3 

0.15 

0.3 


0.01 


IttOC. 625 

tel. 

3.0 

23 

10 

0.3 

1.0 


0 . to 

0.3 

0.01 

0.01 

Cb t, 1 

DCOCL 125 

tel. 

22-0 

21 

3 

1.0 


2.5 

0.05 

0.3 


0.03 


DCS Hi 

tel. 

20.0 

22 

7 

1.0 

10 

2.0 

0.02 

1.0 

o.ot 

0.03 

Cb 0.5, U 1.3 

foa too 

tel. 

2.5 



2.0 


31 

0.30 

0.5 


0.02 

nram* top 













96 30* 

10 

tel. 

19 


2.0 



0.03 

1.0 



2r 99.2, Kf t.3 

S 30** 

10 

tel. 

19 


2-0 



0.03 

1.0 

o.ot 

0.03 

N 0.13 

99 3ia 

1* 

tel. 

17 

2.5 

2.0 



0.03 

1.0 

o.ot 

0.03 


91 3171 

13 

tel. 

19 

15 

2.0 



0. 03 

1.0 




95 90* 

25 

tel. 

21 

t.3 

2.0 


1.3 

0.02 

1.0 

o.ot 

0.03 


20 Cb-3 

35 

tel. 

20 

2.5 

2.0 


13 

0. 07 

1.0 




79lo ♦ H 

t 

tel. 

2ft 

2 

2.0 



0.03 

o.t 

0.03 

0.01 

a 0.25 

E5 2205 

5 

tel. 

22 

3 

2.0 



0.03 

1.0 

0.03 

0.02 

N 0. It 

FCmim 255 

3 

tel. 

2t 

3 

1.3 


2.0 

0.04 

1.0 

0.04 

0.03 

* 0. P 


* V|)un art mi. 


Table 2 Physical and Mechanical Properties 
of the Candidate Alloys 


tensity Trail* YttH PbtelM of teffco m tract 9tr**yth Co*ff. of Therm) 

•XW (|/cmi) 96rtngth(R»i) 9tmfth(ksi) Clast icity<psi> at -320F(ft lb) Eipamionhn/ift D 


HflSTRlffT C-4 

LM 

111 

to 

MWTBJJTY C-22 

6.69 

lit 

99 

Hwraim c-276 

ft. 19 

115 

S 

HR6TEU-0Y 9-2 

IS 

139 

71 

I ICOCL 900 

ft. 43 

90 

J7 

ICOCL t25 

6.44 

120 

tft 

DCOCL 925 

6. It 

112 

tt 

ICO 9-3 

m 

90 

35 

•?€L ¥?? 

tu 

T7 

37 

2190X101 702 

9.50 

31 

1ft 

9t 30* 

6.02 

79 

33 

91 30*11 

102 

79 

33 

91 31* 

6.02 

ftl 

It 

99 3171 

6.02 

e 

B 

99 90* 

6.00 

71 

31 

20 Cb-3 

6.0ft 

99 

S3 

btR 

7.75 

no 

ftl 

£5 2205 

7.90 

too 

70 

FEWWUl* 255 

7.75 

130 

100 


t teta not available 


3tE*06 

90 lb 

270 

6.02-09 

302*09 

93 9b 

260 

6.92-09 

302*06 

90 lb 

263 

9.22-09 

3lE*0t 

* 9b 

53 

5.62-06 

302*09 

61 lb 

61 

7. *-06 

302*06 

79 te 

35 

7.12-06 

302*06 

io a 

97 

7. *-06 

232*06 

6 a 

263 

1 12-06 

2 S£*0t 

72 a 

200 

7.72*09 

112*06 

n m 

a 

2. *-06 

2**0ft 

70 Rb 

71 

9.S-06 

2**06 

to a 

• 

9.2-06 

2**06 

75 a 

SI 

9.S-06 

2**06 

aa 

• 

9. *-06 

2**06 

9t a 

• 

6.X -06 

2**06 

io a 

• 

ft.X-09 

2*«C6 

9» a 

0 

9.42-06 

2**06 

jo a 

0 

7. *-06 

3tE*06 

a a 

0 

6.62-06 
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Table 3 Autogenous Weld Samples 


BASE ALLOY 

FILL El 

BASE ALLOY 

FILLS! 

HASTELLOY C-4 

C-4 

SB 304 L 

El 301 L 

HASTCLLOY C- 22 

C -22 

SS 304 LN 

El 301L 

HASTELLOY C-27S 

C -271 

SS 316L 

El 316L 

MASTELLOY 1-2 

1-2 

SS 317L 

El 317 

INCONEL 100 

ElNlCr-3 

SS 904 L 

904L 

INCONEL 123 

ElNlCrMo-3 

20 Cb-3 

El 320 

INCONEL 123 

ElNIFsCr-l 

7Ho • ■ 

C1312MO 

INCO 0-9 

Heatel loy 03 

ES 2203 

E122. 1. 3L 

MONEL 400 
ZIKCONIUH 702 

ERNlCo-7 
ElZr 2 

FE1BALIUH 233 

F 233 


Table 4 Samples Welded 

to 304L Stainless Steel 

BASE ALLOY 

FILLER 

BASE ALLOY 

FILLER 

HASTELLOY C-4 

ERNlCrMo-7 

SS 304 LN 

El SOIL 

MASTELLOY C-22 

ERNlCrHo-10 

SS 3l*L 

El 314L 

HASTELLOY C-276 

ElNlCrHo-4 

SS 317L 

El 317 

HASTCLLOY B-2 

ElNlNo-7 

SS 904 L 

El 904 L 

INCONEL 600 

ERNlCr-3 

20 Cb-3 

El 320 

INCONEL 623 

ERMlCr-3 

7Ho • N 

£13 12Mo 

INCONEL 423 

ERNlCr-3 

ES 2203 

ER22. B. 3L 

INCO 0-3 

Heetelloy 03 

FER1ALIUM 233 

F 233 

MONEL 400 

ERHiCr-3 




NOTE* It vaa not possible to obtsln s sample of 

Zlrconlua 702 welded to 304L stainless stssl 


Table 5 

Results of 
and 4 Dips 

NRTtfllflL HA* 

m loss < 9 j cow. 

HATE.JPY) 

*6TEuJY C-fii 

0. .'007 

0.01 Ml 


0. Xaj4 

0.0210 

*stelloy ch 

0.0013 

0.0290 

HASTELLOY C-276 

0.XH8 

0.0340 

im 625 

0.0020 

0.0400 

i<ouw 6-i 

0.0059 

0. 1210 

HASTELLOY K 

0.0228 

0.4150 

SS304C 

0.0300 

0.6200 

3S30M.N 

0. 0124 

0.6120 

SSJ1& 

0. 0301 

0.6M» 

3S317L 

0. 0324 

0. 6T70 

SSXM. 

0.0339 

0.7300 

J^OCL 825 

0.0386 

0.8060 

ICENEL 600 

0.0420 

0.8770 

7% ♦ N 

0.0469 

1.0600 

PEWl it* 235 

0.0476 

1.0600 

ES 2205 

0. 0675 

1.2060 

>OCL 400 

0.0893 

1.7550 

3003 

0.0945 

2.0300 


€WW - 289E*/AT!!J6 AT II 0* MM 


*€ PITT’* AT II - « PITTI* AT M)1 
* PITTI*, M1WT >€EN AT II * NO PITTI* AT MM 
*> PITTI* AT II - « PITTI* AT MM 

no pit?:* at ii - « pittimb at 401 
no Pin;*, mi»t sea at u - « pm;* «r mi 
no pin* at u - aiwT pim* at mi 
« pim* at ii • jtmm coraskm at *oi 
V 1SIU Pim*, « MB AT it - NODEABTC Aim* AT Ml 

VISIBLE PintN6, « 3CEN AT II - MKAATE Pim* AT MI 

VISIBLE Pim*, « SEEN AT II - MODERATE Pint* AT Ml 

V1S1U PITT!*, « 3KB) AT II - WOEJWTE Pint* AT MI 

VISIBi PITTI*, « XB AT II - MODERATE Pim* AT Ml 

VISILE PITTI*, « MB AT II - MOOERATE Ptni* AT MI 

« 3® AT II • menus 9CU. PITS AT Ml 
X) Pins*, « 9EBI AT II - VEST 9.100 Pim* AT MI 

VISILE Pim*, slight mb n II • mens a.iwr pits at mi 

» PiriNS, « MB AT II - VERT 9.10ff Pin:* AT MI 

aioff sen at it - sLitHT Pim*, etdcd at mi 

vtrt visile awnsiai at ii • menus laas pits, so* hep at mi 




t t* 
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-m&TEL^OY c-ji y.Jul) -J.V130 * Pini* iAiafT *€E)I AT II - A FEU SWU. PITS AT MI 

Z:aC3«IJ» K* 0.0015 0. 0! 30 « PITTIM, WI^T 9K€Ol at II - SLiafT lUIFCMH CO0WSICA, « PITTIto AT 401 

;<j€L *3 o. xs» 0.0110 « pm:**, a»iwT 9€» at ii - feu sku pits at mi 

-fSTaur c-2?* 0.0031 0.0110 « Pimw, sai&t »€Di at ii - fb* \€« 9*1 pits at mi 

-GSTOLOV C-4 0.0036 0.::30 * PITT!**, »I34T 5CEU at ii - FEU pits at mi 

I*COLOY 6-3 0.0000 0.v550 SLICKT PITTl'fi, « 5€EX AT II - FEU SHALL PITS, U»IFQ* COATOSIOU AT Ml 

**TEUJ)V W 0.0662 O.MIO « PITTI*, * 9SEN/STA1IO AT II - FEU PITS, IMFMI COWCSI* AT MI 

3S30MJI 0. 1001 a 7030 99C PITTIto, m XEN, VISIBLE BUST AT II * KJSJOS PITS AT MI 

SS104L 0. 1031 0.7200 VISIBU PITT;*, *C 9CDI AT II * •UCPCUS SMU. PITS, SEX 'JWGE AT® DEEP AT MI 

SS304L 0. 1094 0. 7410 VISIBLE PITT;*, W XDl AT II - «JCA0U5 LAPSE PITS AT MI 

35316L 0.1071 0.7610 VISIBLE PITT;*, HD 3€EN AT II - LAPSE PEEP PITS, UllFCNl CCAAQSIW AT 401 

3SJ17L 0.1124 0.8060 SBC LARGE PITS, NO MP» AT IX - LAPSE DEEP PITS AT 401 

'.0€L S25 0. 1250 0.0720 VISIBU PITT;*, tt 9CDI AT II - KJCR0U5 LAPSE PITS, FA1K.Y DEEP AT MX 

FEmiJt 235 0.1294 0.%00 KJCJOUS PITS, « 9€E* AT IX - S&CML LAPSE PITS AT MI 

ICOCL 600 0.1417 0.1730 * PITT!*, « 3€EM AT II * IMFOAH COR*OSI» AT MI 

€5 2209 0.1326 1.1470 VISIBU PITTI*, KJ XDI AT II * SOME LAPSE PITS AT MI 

'to *• N 0. 1547 1. 1653 « PITTI*, <fl AT II - FEW LANS DEEP PITS, UHFOJM COPAOSl ON AT MI 

20QrJ 0.2430 1.7420 LAME VISIBU PITS, « '*EX AT II - VEAY >ASE PITS, CIWWSiCN AT MI 

Km MO 0.3233 2.1100 * PITTI*, « SKE* AT II - HJCAOUS PITS, 3EVEBI JUFO* CDMQSIW AT MI 
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ORIGINAL PAGE IS 

OF POOR QUALITY 

Table 8 Results of 16 Week Exposure in 5% Salt Fog 
and 16 Dips in 1.0N HC1 -' Alumina 


*TE9l«> ** 

«t U9S(,> an. 

»TEiP0T> 

*6TILlJT C -22 

O.DOlt 

0. 

ioe is 

0.JU2 

0.0110 

21 PC3*I Jl 7* 

0. (Oil 

0.0119 

SASTELLflr C-27S 

0 .COB 

0.0151 

hastellijt ch 

0. D0J3 

0.0170 

I*OLOT 6-1 

0.OC46 

0.04*2 

4STEUJ0 H 

0* tin 

0.5390 

nm.:m 235 

0.1501 

0. 101 

3S304L 

0. 1072 

0. 97|| 

1*3* 623 

0.110* 

0. 3019 

SDMI 

0.: Mi 

0.9171 

SSJOtl 

0.1*4 

0.3573 

:*3* 900 

0. 1931 

0.9942 

3531* 

0.1962 

1.0011 

9611* 

0.1913 

1 . 0210 

7* ♦ t 

0.1863 

I- 3521 

ES 238 

Q.2JC0 

1.2221 

20C4-J 

O.JSt 

1.9022 

0 * too 

0Lt*4 

2.4009 


©MU - 09EIMHIJ0 AT II 94 tot 


« pitt;*, stiar >€E* at ii - sac **r small pits, * deposits at *oi 

* P1TTI*, MI3CT Kf> AT IX - FEW CXKUR SIZED PITS AT tOX 

a.:»T pm:*, xai wim hdi at h - * pits, potocs of cwrosiw at tot 

« Pimw, MI (XT 9 €B* AT IX - SC* \€*Y 9*1 PITS, * OEPOSITS AT *01 
« Pm:*, MI 94 T HZH AT II - 39 C VEST 9*1 PITS, W DEPOSITS AT *01 

« pm:*, miwt me* at ix * few 9*1 pits, h deposits at *01 
m Pin:*, disccuaaticm, * m* at it - wuai large pits, imfo* copaoskn at *01 

VIS1BU Pin;*, « 30 AT It - NLPCPOUS LAPSE A* 9*1 PITS, * DEPOSITS AT *01 
VISIBLE Pin:*, « so AT it - WC3US LAPSE A* DEEP PITS AT *0t 
HJCAOUS PITS, « 90 AT 11 - WCAOJB LAA8E A* DEEP PITS, tfU DECAT AT *01 
£*LL PITS, DI9dC«, « 90 AT It - *JCPOUS PITS, 9H DEPOSITS AT *01 
VISIBLE Pin!*, « 9€BI AT II - *0 PITS, SCJC *LD DECAT AT *01 

* Pin:*, 0 I 3 CX 2 AATI 3 ^ * 9 €E* AT 11 - 101 FC* CCPPOBICM, 9*1 PITS AT *01 
V 15 I&E Ptm*, « 30 AT It - *JC;OS LAPSE 40 DEEP PITS AT *01 

visiii pm;*, * 30 at a - ocos lapse 40 deep pits at *01 

FBI PITS, 0I9CHJART!ai, * 90 «T It - FBI LAPSE PITS 1*0 DECAT, tSlOM COR AOS I A AT *01 

visise Pin;*, d m caot, * 30 pt ix - so* lapse 40 *0 9*1 pits at *ox 
art*:* Pin;*, « jo m ix - ert*i* iap*,deep pits, m deposits at *ot 

« pm:*, m 30 at n - mmtm coppcsh* pits m icj, * depouts at mb 


Table 9 


Results of 20 Week Exposure in 5% Salt Fog 
and 20 Dips in l.ON HC1 - Alumina 


*TtPI* ** 

*T USS(»J 30L 

MTE.iPn 

-AS'O-J# C*i2 


o.yojs 

:'CJ£L icZ 

•3. X2S 

0 . 

lie mi: j* ;oe 

0.3020 

x:i8 

*SiaJL3r C-271 

0- 0033 

0.012 

Hflnujt c -4 

X 0037 

X 01*3 

I«UV S-l 

0.0033 

0.003 

ffsraur 1-2 

X 15*7 

0.5123 

FO0UJI 29 

X 15*1 

0.7019 

5S30C 

X 1713 

xTsa 

:oa 923 

0.1931 

0.7773 

aSDOtUI 

X 

X 3923 

O 229 

0. 2511 

ami 

9SH7L 

X 2122 

X 30* 

m 

0.2219 

a 321 

■ 

X 2072 

X93I3 

ioe aOO 

0 . £29 

X 34 I 5 

953 : a. 

X 2271 

0.770 

200*1 

X J7*4 

Lilli 

«l *a» 

xim 

L USB 


*E*¥«S - mSEP*T:30 AT II 40 tot 


* Pin:*, Mi»T 9€B* AT IX - VERY FEU TIHV PITS, « DEPOSITS AT *01 

* "in;*, m:xt 901 at ir - \€*r few 9*1 pits at tot 

sl:xt Pin;.*, 2*1 might 30 at ix - « pits, surta awesiai patocs at *01 

* Pin;*, miwt 90 at 11 - VOTT FBI twt pits at *ot 

* pm:*, might so at ix - feu vest 9*1 pits, * deposits at tax 

* Pin!*, Ml&ff 90 AT II - 9 CJ€ 9*10 Pim* PT * 0 t 

* Pin I*, OI9CXOAATI JL All 9€E* AT IX - 9*101 LAPS PITS, IM1FD0I COMOSIOl AT *01 
«UC9QLfi PITS, * 901 AT tX - UCPGUB MUM Pint* PT *01 

virif ?inr*, d:9couo, * 30 at 21 - *0 hue 3*10 4c 9*1 desp pits at tox 
vi 5 :i£ *avt pm:*, * 90 at 11 - wm deep pits, xnE «lb AnAa at tot 
VT3:X£ 9*1 PITS, Dixmo, m 9€S4 at It - 4JCOS PITS, *0 deep at *01 
vrs:*£ Pin:*, m 90 * it - 3>€ csiji Pim* mtrom zmim at tot 
VJ3I3LE Pin;*, 3ISQXCPEJ, * 9CEN AT IX - 1*0 HIDE MiOJ 40 9*1 DEEP PITS AT *01 
V13;&£ 9*1 PITS, DI9CXJAEB, * 9€BI AT II - tJUU PITS, 900 3E9 S *J AT *01 

vis:ai pitt;* jne* « 90 at ix - uncus pits, sne a®, «j maot at tax 

* Pin;*, « 90 AT ix - TP* PITS, 10100 COUtSIdl AT *01 

v:s:*£ h£*0 Pin:*, DISQ12W, * 90 AT 11 - *0 VIDE 9 * 1 ® 40 9*1 XEP PITS PT *01 
Vis: t£ *O T *00 PITTT*, « 9CBI AT IS - ESTPE3C P 1 TTI* OtyOTBPB* 

* PITT l*, OI 9 COJKB, * 90 • IS - TO 0 PITS Mill JUFOO OMBSiQi * ** 
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Table 10 Results of 16 Week Exposure in 5% Salt Fog 
and 16 Dips in 1.0N HC1 - Alumina 

Composite Galvanic Weld Specimens 


*TUi* W* ***** - GBSMTiOHG AT II AM) 401 


9530* ~ C-276 
S3ML - W 
*30* - c-4 
B3ML - C*« 
9630* - MOO 

mx * - mm 

9530* - 31* 
S3ML - 3171 
*30* - 90* 
9DCXL - 1-600 
300* - 1-623 
*30* - I -AS 
300* - t-J 
9630* - 20QrJ 
9530* - 7*o* 
9630* - ES 2?08 
9530* - F-235 


IK ICLD DECAY m DOTH SIOES IT II - LAKE PITS ALOC 30* SI* «T MX 

s DC D cm CM 30* SIDE AT 11 - 30* SIDE >06 90E ICLD DECAY AT MX 

9DC ICLD DECAY AT II - LAME PITS M> DEEM DA 30* 61* AT MI 

9K kCLO DECAY CM 30* SIDE AT II - IAABE PITTIM ALU# 30* SIDE AT 401 

OTOC MELD DECAY CM 30* SIDE AT II - ICLD DECAY GM DOTH SIOES AT 401 

SL1MT ICLD PITT I M AT II - Ml PITS M DEPOSITS CM ICLD AT 401 

9DC DECAY CM 30* SIDE AT IX - Mi PITS * WJ *T 401 

9DC PITTIM CF ICLD AT II - IBJ DECAY AM) PITTI* AT 40K 

*1MT *LD DECAY CM 30* SIDE AT II - Mi PITS tM ICLD AT 401 

ICLD DECAY OH 30* SIDE AT II - 30* SIDE *LD DECAY AT 401 

ICLI PITTI* AT II - 30* SIDE ICLD DECAY AM PITTIM Af 401 

ICJ PITT It* AT II - ICLD P1TTI* « DOTH SIDES AT 401 

90C PUTINS CM ICLD AT II - PITS <M 0-3 SIDE CF MELD AT 4 01 

9DC PITT I*, 30* SIDE I* 0 DECAY AT II - LARGE PITS 0® DECAY CM ICTH SIDE5 AT 401 

VISIDLE ICLD PITTIM AT II - LARGE PITS 00 MELD DECAY (M DOTH SIDES AT 401 

VISIMI ICLD PITT INI AT 11 - PITT1* AM) DECAY * MELD CM BTH SIDES AT 401 

MELD DECAY CM 30* SIDE AT II - PITT I* AM) DECAY OF ICLD (M RTH SIDES AT 401 


Table 11 


Results of 
Site and 5 


60 Day Exposure to Beach Corrosion 
Sprays with 10 vol% HC1 - Alumina 



HPTEDIAL «9E 


ygT u3SSt|> CCML TATI PPY) ttfiSVS - 355.^!: J€ AT II AM) 401 



C-22 

C. A”00 

IHlJCL ^2 

a . juoo 

rtASTELUJY C*37» 

D.JOOI 

06TELLOY C-4 

0.0001 

ZI30MIUN T 02 

0.0007 

I.dflY G-3 

Cl 001* 

ES 3208 

CL 0131 

FEMUM 335 

0.0108 

:0€i 535 

0.0134 

7No t N 

0.0130 

SS30* 

0.0147 

9S317L 

0.018ft 

[!Oa 600 

0.0203 

9531* 

0.0247 

SS30* 

0.0377 

HPSTELU7Y D-3 

0.0329 

3530*6 

0.0346 

3003 

0.0431 

06. 400 

0.0954 

4 



0. juCC 
0. juOO 
0.0009 
0. 0009 
0. *60 
0.0140 
0.0991 
0.1100 
0. 1200 
0.1367 
0.1440 
0.1S70 
0.1350 
0.2450 
0. 3790 
0.3600 
0.3200 
0.4396 
0.6710 


no Pimm, saiwt sea cj :i - « pittim, * iflJ dewy at mi 

•c Pinnc, sAiafr >een ami - )0 pittim, m *ld decay at 4oi 

MI PiniM, WIGHT SHEEN ft! II - 10 PUT!*, 10 ICLD DECAY AT 401 

« Pint*, baisyt sea at u - m Pinim, m icld decay at 401 

STQI’CD, !0 a€E N AT II - iMIFOM C0AA051CM, « PITTIW AT 401 

10 PITTUft, BAHMT 9€EN AT IX - AIHM PITTI0, JUFQM CQAA05UM CF <LD AT 401 

no pittim, m at ii - wbeaate mum pitting m mi 

m PITTI0, WiafT 9E9 AT II - IMIFTNM CDABOSHM, PIT7D® AT ICLD AT 401 
V1SIDLE PITTING, SLIGHT S>CEN W II - SUB® PITTIM, A1HM PITTI0 OF *LD AT 401 

m pittim, m aca at u - Mifvm obaqskm, pmi« cf icld at 401 

VISIBLE PITTIM, SLI9<T SEEN AT 11 - MLDM PITT1*, M1FCIM DECAY CF *LD AT *01 
VISIBLE PlTTINfi, 9L1WT MEN AT II - 9LIWT PITTIM/SOC DEEP, * *LD DECAY AT 401 
VISIBLE PITTI 10, 0 9CEN AT II - MUM PITTU®, MJ MLD DECAY AT 401 
VISIBLE PITTI0, « 9€DI AT II - NDEAATE PITTIM, *19<T PITTI0 OF IGJ AT 40X 
VISIBLE P1TTI0, « 9€EN AT IX - CDERATE PITTIM, 90€ PITT10 OF ICLD AT 401 

m Pirn* at u - fen pits with imifom cqaaosicm, soc «ld decay at *oi 

VISIBLE Pin:*, « 9€EN AT II - SLIGHT Pini«, SOC Pini* OF MU AT 401 

VISIBLE PITT1N6, 9LI90 ShCEN AT II - 0AMY PITTIfC/9(NC DEEP, 9EWC PITTIM (F ICLD AT 401 

10 PITTIlfi, f€ 9€EX AT II - IMIFOAH COMQSICM, « PI nil® AT 401 
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Table 12 


Results of 251 Day Exposure to Beach Corrosion 
Site and 13 Sprays with 10 vol% HCl - Alumina 


wTcaia. *»c «t loss i |i asm. mi wr> ewa - asEir^nras m ii m *«i 


* :: xs-c— : s. 


«Biit : 


i: sa» t nt »»mw 


Z T2 

\ 

'•*.0 

to PJ-HM, r*:>T iO» AT II - M PI^IM, M CSM0SX9I AT 401 

;OCL *3 

O.JuOO 

0 . lAAA) 

« PITTIM, tfiXT HEN AMI - tt PITTIM, ifl MLD SCRY AT MI 

*£~ELJ7Y C-4 

0. W1 

0.XO9 

<€ PITTIM, 9P194T HEN IT 11 - M PITTIM AT MI 

-^S'TL.DY c-r* 

0.0001 

0.0009 

« PITTIM, W194T 90* AT 11 - M* Ff* SNU PITS, M MU SCRY AT MX 

:;X9UJI 702 

0.0014 

O.OOM 

3L: jKT PITTIM, 3i:34T 9€» AT IX - XIF2* CWCS!*, « PITTIM AT Ml 

<3J]Y 5-1 

0.XJ4 

0.-007? 

o pittim, 3F:a<T sex at ii - feb am pits, xifcw mu scry at mx 

FEAMUtX 135 

0.0119 

0.0343 

3LI3KT PITTIM, 0191 HEN AT II - JUFCW £1*5194 VELD SCRY AT MI 

3 205 

o.oesi 

0. 1*490 

SLIGHT PITTIM, « 3€EN AT 11 - 9«U PITS, >lr'^X CCftRCSiX STvEAE MU DEC* AT MI 

'Ll *■ * 

o.oea 

0.0541 

9LISMT PiniM, M HEN AT 11 - iMIFOXI COAWSIJ^ LAME DEEP PITS X MLD AT MI 

:>oe S23 

Q.02M 

0.3410 

VISILE PITTIM, 9U3HT HEN IT II - M* XU XLUi PITS, PITS X MLO AT MI 

3S9N4 

0.0293 

0.423 

VISIBLE PITHM, LA HEN AT II - M* SXU PITS, MU PiniM AT MI 

scitl 

■J. *30 

0.1 049 

VISIBLE PITIM, M *€E» AT 11 - jQM S*U PI’S, 9LAFACE CCAPOSIX, MU PITTIM AT Ml 

:o€L soo 

0.0YT7 

0.111 

SLIXT PiniM, M HEN AT 11 - XflLL PITS, « dEU SC* AT Ml 

9S31L 

0.C3M 

0. 1344 

<H5QUS PITS, « HOI AT U - Afl* SMU PITS, 39C MU P1HIM AT 401 

5S3041 

0.0412 

0.1447 

VISILE PITTIM, « 901 * 11 - LAME AM» Ml HU9 PITS, DEC* AT 401 

5SJ0L* 

0.0114 

o.i 'a 

VISILE PITTIM, M PEEK IT tl - S9E PITTIM *17* DEPOSITS, MU SEC* AT MI 

YASHELLJY 1-2 

0.1044 

0.2177 

« PITTIM, M HEN AT 11 - FEB PITS, JIIFTNX X*P0SI X, M MU DEC* AT MI 

1X9-3 

0, 1074 

0.2590 

nn>6:vc Pirns, m hen at ix - eitmih plttim, som lame, xifc* mu or at mi 

0€L M0 

0. 2441 

as3M 

M PITTIM, M 901 AT II - M PITTIM, JUFOX C3P9Q5IX AT Ml 


Table 13 Results of 251 Day Exposure to Beach Corrosion 
Site and 13 Sprays with 10 volX HCl - Alumina 


Composite Galvanic Weld Specimens 


icrrim «me exam - okomticm it u m mi 


SSJ04L - C-274 

ssjem - n 

9S3ML - 
9S3ML * C-S 
9UML • MOO 
SXHL - JMUI 
9S3WI - 31& 
353D* - 1171 
S30* - 1ML 
9S30L * 1401 
m - 1-423 
9SXHt - 1-423 
9SJ04L * 9-1 
94) ML - 20Cb-3 
94JMi - tofl 
95M - B 22*9 

sjmi - f-ea 


PITIM 9t 30* SIX IT II - SEWS MU DEE* 91 30* SI 01 IT Ml 
» VISIBUE DECRY IT II - LIBHT MU DECOY IM J04L SIS IT Ml 

« VISILE DECRY IT II - LIWT MU DEC* 91 XL SIDE IT MI 

9LWT MU DECRY 91 XX SIDE IT II ~ SJ94T MU DERY (X JMt SIX RT MX 
LI94T MU DECRY CM M. SIDE RT II - OLD DECRY 01 304L SIDE IT Ml 
« VISILE DEC* IT II - PITTIM 9 CJ 9HJTM SUES IT Ml 

m VISILE DECRY IT II - PITTIM *0 MU DEC* ill KTH SIDES IT Ml 

m VISILE XC* IT U - MLD DEC* M PITTIM 91 30L SUE, PITTIM CUT 91 3171 SIS IT MS 

m VISILE XC* IT 11 - IX I F0M MU DEC* * J04L SIS IT MI 

C VISILE SC* IT II - MLD DEC* 91 »4L SIDE, Lt*T DEC* 91 1400 SIB IT Ml 
Ci VISILE SC* IT II - mi SC* <M PITTIM (X 30L SIS IT Ml 

m VISILE DEC* * IX - MLD DEE* M) PITTIM 91 304L SIDE, LI*T DEC* 01 I-IS SIS IT MI 
» VISILE SCRY IT II - MU> DEC* M PITTlM 91 J04L SUE, L1*T DEC* (X 4-1 SIX IT MS 
VISIBLE PITTIM » MU AT II - MU SC* AM PITTIM W KTTV4 5ISS IT MX 

visile Pirn* 9i mu at ix - mi* Pirn* ns sld at mi 

MU SC* 91 J04L SIDE IT II - SEMX MLD XC* » XX SIS, PITHS 91 ES-2206 SIS * Ml 
MU 0EE* X JOL SIS M II - ME AJ SC* V XL SIS, LiXff PITTIM (X F-23B SIS IT Ml 
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Table 14 Ferric Chloride Immersion Results 
Autogenous Weld Samples • 


ALLOT 


i IMMERSED 

RESULTS 

512 

NO CORROSION 

72 

NO CORROSION 

912 

NO CORROSION 

72 

UNIFORH CORROSION 

72 

MODERATE FITTING 

912 

NO CORROSION 

72 

SEVERE PITTING IN 
HEAT AFFECTED ZONE 

912 

NO CORROSION 

72 

UNIFORH CORROSION 

72 

MODERATE PITTING 

72 

SEVERE PITTING 

72 

SEVERE PITTING 

72 

SEVERE PITTING 

72 

NXLD PITTING AND 
VELD DECAY 

72 

NO CORROSION 

72 

SEVERE PITTING IN 
NEAT AFFECTED ZONE 

72 

WELD DECAY 

72 

WELD DECAY 

72 

NO CORROSION 


HASTELLOY C-4 
MASTELLOV C-22 
HASTELLOY C-274 
HASTELLOY 6-2 
INCONEL 600 
INCONEL 625 
INCONEL 625 

INCO 0-3 
NON EL 400 
Z1NC0NIUN 702 
SS 304L 
SS 304LN 
SS 316L 
SS 317L 

SS 904L 
20 Cb-3 

7No * N 
ES 2205 
FEftRALIUM 235 


Table 15 


Ferric Chloride Immersion Results 
Samples Welded to 304L Stainless Steel 


OBSERVATIONS ON 


observations on 


NONEL 400 


ALLOY 

CANDIDATE ALLOY 

ALLOT 

CANDIDATE ALLOY 

HASTELLOY C*4 
HASTELLOY C-22 
HASTELLOY C-276 
HASTELLOY B-2 
INCONEL 600 
INCONEL 625 
INCONEL 625 

» m _ ^ 

NO CORROSION 
NO CORROSION 
NO CORROSION 
UNIFORM CORROSION 
UNIFORH CORROSION 
NO CORROSION 
NO CORROSION 
NO CORROSION 

SS 304 LN 
SS 3 n 6L 
SS 3 17L 
SS 9Q4L 
20Cb 3 
7 No • N 
ES 2205 
r ZaRALIUM 230 

SEVERE PITTING 
SORE PITTING 
NO CORROSION 
NO CORROSION 
SLIGHT PITTING 
NO CORROSION 
NO CORROSION 
NO CORROSION 


UNIFORM CORROSION 


NOTE i 


All NAwpl** »»r» i»»»r»ed lor 72 hour*. 

In MCh e*M« th# 304L portion ol th* ■ «»pl* 
•ulftrvd »*vtr# pitting. 
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APPENDIX A 


Table A1 
ALLOY 

HRSTELLOY C-4 

HRSTELLOY C-22 

HPSTELLOY C-276 

HflSTELLOY B-2 
INCOd 600 
IIOEL 625 

INCOCL 625 
IKS 6-3 
JOEL 400 
ZIRCONIUM 702 
95 304L 
SS 304LN 

9S 316L 

SS 3171 

SS 904L 
20 Cb-3 
7Mo ♦ N 

ES&05 
FERRAL11M 255 


Summary of Electrochemical Results 
155* NaCI ♦ 0* IN t£] 3.55* MaCl ♦ 1.0 N HC1 


Stable, Moble Ecorr 
Very Shall Hysteresis f*ea 
Excellent Pitting Resistance 
Stable, Noble Ecorr 
Very Sm 11 Hysteresis A'ea 
Excellent Pitting Resistance 
Stable, Fairly Noble Ecorr 
Very 9aall Hysteresis Area 
Excellent Pitting Resistance 
Stable, Slightly Active Ecorr 
Uufors Corrosion 
Unstable, Fairly Active Ecorr 
Unifore Corrosion ft Pitting 
Stable, Very Noble Ecorr 
Seal l Hysteresis A-ea 
Very Good Pitting Resistance 
Stable,Noble Ecorr 
Large frra f Lon Pitting Resistance 
Stable, Noble Ecorr 
Excellent Pitting Resistance 
StabltjSJ ight ly Active Ecorr 
Unifore Corrosion 
Stable, Fairly Active Ecorr 
Lob Resistance To Pitting 
Fairly Stable, Act ive Ecorr 
Poor Resistance To Pitting 
Unstable, Ret ive Ecorr 
Large Hysteresis A^ea 
Poor Pitting Resistance 
Fairly Stable, Slightly Active Ecorr 
Large Hysteresis Area 
Very Poor Pitting Resistance 
Stable, Slightly Active Ecorr 
Large Hysteresis A^ea 
Very Poor Pitting Resistance 
Stable, Noble Ecorr 
Soar Pitting Resistance 
Fairly Stable, Slightly Active Ecorr 
Extreeely Poor Resistance To Pitting 
Stable, Noble Ecorr 
Noderate Pitting and 
Unifore Corrosion 
9table, Noble Ecorr 
Noderate Pitting 
9table f Noble Ecorr 
Shall Hysteresis Area 
Very Good Pitting Resistance 
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Stable,Noble Ecorr 
Very Shall Hysteresis fee* 
Excellent Pitting Resistance 
Stable, Noble Ecorr 
Very Snail Hysteresis A-ea 
Excellent Pitting Resistance 
Stable, Fairly Noble Ecorr 
Very Snail Hysteresis Area 
Excellent Pitting Resistance 


Stable, Nfery Noble Ecorr 
Very Sea 11 Hysteresis A*ea 
Excellent Pitting Resistance 


Very Noble Ecorr 
Excellent Pitting Resistance 


Fairly Stable, Active Ecorr 
Uniform Corrosion 


Fairly Stable, Active Ecorr 
Poor Pitting Resistance 


Stable, Active Ecorr 
Soee Pitting and 
Unifore Corrosion 
Active, Fairly Stable Ecorr 
Soot Pitting, Unifore Corrosion 
Stable, Active Ecorr 
Good Pitting Resistance 


ORIGINAL PAGE IS 

OF P0OR QUALITY 
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